The map of the radiation dose distribution has been determined experimentally inside the interaction chamber during high-power laser -thin solid target experiments. In addition, the map also has been assessed theoretically by performing 3D simulations.
Introduction
Space weather represents a branch of space physics and aeronomy (heliophysics) , that deals with the investigation of the continuously changing environment conditions characteristic to the Solar system. It includes study of phenomena that occur in the magnetosphere, ionosphere, thermosphere and exosphere.
Space weather is determined by the solar wind and the interplanetary magnetic field (IMF) carried by the solar wind hot plasma [1] . A variety of physical phenomena are associated with space weather, including geomagnetic storms, or constant remodelling of the Van Allen radiation belts caused by interplanetary shock waves -an outburst of highly energetic particles carried by the solar wind which can literally blast away the outer radiation belt and then split its remains into two distinct rings [2] . Other phenomena associated with space weather are ionospheric disturbances and scintillation of satellite-to-ground radio signals and long-range radar signals [3] , auroras and geomagnetically induced currents at Earth's surface. Coronal mass ejections (CMEs) and the associated shock waves can also result in major perturbation of space weather, as they can compress the magnetosphere and trigger geomagnetic storms. Solar energetic particles (SEP) accelerated by coronal mass ejections or solar flares can trigger solar particle events (SPEs), a critical parameter with respect to the impact of space weather on humans, as they can inflict damage on electronics onboard spacecraft, endanger the lives of astronauts, or increase radiation hazards for high-altitude, high-latitude air flights.
Spacecraft charging, the accumulation of electrostatic charge on non-conducting materials at the spacecraft surface due to low energy particles, is one of the predominant space weather effects on an orbiting spacecraft [4] . Another harmful effect is the exposure of the human body to space radiation (ionizing radiation) [1, 4] . Preliminary results obtained in INFLPR show that simple electronic circuits introduced in a 6 MeV electron beam are rendered inoperable by a dose of 100 ÷ 300 Gy delivered within a few seconds [5] .
Conditions similar to those found around space stations and spacecraft can be achieved using high power/high intensity lasers [6, 7] . High intensity lasers have been used more and more in nowadays research, for the study of matter under extreme conditions and for laser driven particle acceleration. The high intensity laser pulse generates a plasma at the target surface, and then interacts with it. The plasma can accelerate electrons up to energies of tens of MeV [6, 7, 8] . The "hot" electrons and laser accelerated electrons interact with the target chamber walls, generating X-ray bremsstrahlung photons. The mixed field of photons and electrons might create a radiation hazard associated with such laser-matter interaction experiments [6] . Thus, different ionizing particle types and doses can be obtained in high power laser -thin solid target experiments. For example, protons with energies up to tens of MeV and mixed fields of electrons and photons with doses of tens of mGy/shot can be generated, depending on the target thickness and material [6, 7] . Appropriate experimental conditions can be achieved at several high power laser facilities worldwide [9, 10, 11 ].
In the current progress report we present measurements of integrated doses produced by the mixed field of electrons and X-ray photons generated during high power laser-thin solid target interaction experiments, in which laser accelerated protons with energies up to about 14 MeV [12, 13] were demonstrated by using the CETAL high power laser facility [10] .
Experimental setup
Mapping of the radiation dose inside the target chamber has been performed during experiments of high power laser -thin solid target interaction, for a laser intensity in focus of about 5 × 10 19 W/cm 2 (40 fs pulse duration [14] ). The laser incidence angle with respect to the target normal is 45 o . The laser spot area is about (9 × 23) 207 μm 2 , and the fraction of energy within FWHM of the laser spot is approximately 30 %. Experimental dose assessment is carried out using passive detectors, such as CR-39 and EBT-3 radiochromic films (RCF) [13] , while theoretical estimations of the dose map inside the interaction chamber are performed using the radiation transport software Geant 4 V.10.5 [15] . The experimental setup shown in Figure 1 has been designed with an aim to allow a straightforward analysis of laser accelerated electron and proton beams. It consists of the target and passive detectors holder assembly, a magnetic spectrometer, and an optical analysis system. The magnetic spectrometer is used to estimate the electron beam energy. The target and detector holder system consists of two parallel metal plates centred using a horizontal metal axle. The targets are positioned on the first plate, while the passive detectors used for proton beam analysis are essentially placed on the second plate, where they alternate with holes. Near the magnetic spectrometer a rotatable metal cylinder is placed, that acts as a holder for the EBT3 radiochromic films used to estimate the energy of laser accelerated electrons ( ~14 MeV). The target and detector holder assembly are placed on mechanical translation and rotation stages, to achieve precise alignment in the laser beam focus. The optical analysis system is described in detail in Ref. [13] . To measure the dose distribution inside the target chamber, 2 × 2 cm 2 passive EBT3 radiochromic film detectors (covered with a 10 µm thick aluminum foil) are placed at different positions near the experimental setup, as illustrated in 
Method for dose estimation using radiochromic films (RCF)
The dosimetry assessment performed during high power laser -thin solid target interaction experiments by means of EBT3 radiochromic films supplies information about the two dimensional (2D) radiation dose distribution. The EBT3 films present a symmetrical layer structure, as the active layer (28 µm thick) is sandwiched between two 125 μm mattepolyester substrates. These polyester layers prevent the formation of Newton ring interference patterns, when the irradiated EBT3 films are scanned with flatbed scanners [16] . We use an EPSON Expression 11000XL scanner, with a resolution of 4800 dpi in 
Experimental map of the measured doses inside the target chamber
The interaction of high-power lasers with thin solid targets generates proton, electron, X-ray radiation and neutron fluxes that span a wide energy range [6, 18, 19] . Laser accelerated electrons that interact with the walls of the target chamber produce X-ray bremsstrahlung radiation [6] . In the experiments described in the previous section, we chart the radiation dose distribution inside the interaction chamber. The radiation doses inside the interaction chamber measured per laser shot (during the experiments previously presented), are similar to those measured outside spacecrafts and space stations [13, [20] [21] [22] [23] . Good knowledge of the radiation field background and doses outside spacecraft is important in order to estimate the inner radiation field. In Ref. [22] , average values of hundreds of µGy were measured and reported for daily cumulative radiation doses inside spacecraft cabins.
Testing of electronic systems and software intended to be used in space is preferably performed on Earth in dedicated facilities, in order to overcome problems that are inherent in space dosimetry. The mixed radiation environment generated in high power laser -thin solid target experiments can simulate the aggressive space environment specific to space stations and spacecraft cabin habitats, as it is extremely important to test and optimize different shielding materials and structures [24] .
Simulation model of the experimental radiation map
The experimental conditions enable one to reconstruct the radiation field within the interaction chamber, which allows us to characterize specific radiation conditions (such as particle flow and dose) for any point in space. Dose reconstruction has been achieved by radiation transport simulations using the Geant4 V.10.5 framework. In order to obtain a realistic simulation, two volume sources are considered.
The first source would be the pre-plasma obtained due to the interaction of the PW laser with the target surface. Hot, relativistic electrons are generated with a temperature of 2.8 MeV. The source is considered to exhibit a uniform angular distribution and a Gaussian energy distribution. The source location is chosen in front of the target, on the opposite side with the pre-plasma [8, 25, 26] . In Fig. 4a , the pre-plasma is illustrated as a yellow disk while the red disk represents the target. The energy of the laser accelerated electrons is estimated to be around 17 MeV.
The second source considered in simulations is the proton source that has a narrow angular distribution along the normal drawn to the target back surface. The proton spectral distribution is estimated considering the Target Normal Sheath Acceleration (TNSA) model [8, 18, 19] . The maximum proton energy depends on the target thickness, and it is approximately 16.7 MeV for a 10 µm Al target [20, 27] .
These two sources are simultaneously implemented using the Geant4 General Particle Source module, with a 10:1 ratio of the relativistic electron source with respect to the proton source. Besides the proton and electron sources, the mesh of the simulation geometry (see Figure 4a ) includes the exact parameters of the experimental setup shown in Fig. 1 . The protons that originate from the source propagate through the environment, and undergo nuclear reactions when they interact with the experimental setup within the simulation region, generating secondary radiation such as photons and electrons. The electron and photon fluencies that result are presented in Fig. 4b and 4c. while not being limited to, can be applied to diagnose protons that are (i) generated owing to the interaction between a plasma and a high power laser beam, (ii) present in cosmic radiation, or (iii) medical equipment employed for proton therapy, etc.
One of the methods used to detect protons consists in using solid media, specifically designed for this purpose and produced as foils that are exposed to a flux of protons.
Currently, the most prevalent substance used to this end is poly allyl diglycol carbonate (C12H18O7) commercially known as CR-39. The protons crossing these detectors deteriorate the structure of the material, and leave physical traces in the form of sensitized areas of energetic electrons that emerge as an outcome of the interaction between the proton and the foil material. They represent electrons that are "extracted" from the atoms, with a specific energy that dissipates in the neighbouring regions. These electrons sensitize the physical structure of the material by breaking some of the chemical bonds thus rendering the material easier to corrode in the specific etching process. Different etching agents are used, such as NaOH or KOH. The etching agent acts upon the foil (detector) surface, as the corrosion rate is higher for sensitized areas where blowholes appear that are visualized and counted using a microscope. In Ref.
[20] a method is described to determine the energetic spectrum of protons at normal incidence on a CR-39 detector, based on counting the blowholes generated by the protons. For a 1 mm thick CR-39 plate, an upper limit of the maximum energy is reported at 7.5 MeV. The analysis of the blowholes on the back of the plate indicates the presence of protons with energies of about 10 MeV.
Owing to a variation of the proton stopping position by tenths of microns, caused by statistical fluctuations of the proton energy transfer towards the material they cross, blowholes with different dimensions occur for a 20 micron etching, even if they result from protons of equal energy. This represents a proof that protons can exhibit energies larger than 10 MeV. Protons that cross into the second CR-39 detector leave identifiable traces only on the back surface of the first detector. Nevertheless, these protons can be identified by analysing the traces left on the front surface of the second CR-39 detector, according to the method suggested in [13] . The paper also shows the problems associated with determining the energetic spectrum for protons with energies between 7.5 ÷ 10 MeV. In order to obtain reproducible results, the etching conditions such as time of application, concentration, and temperature, should be identical. By analysing the shape and dimensions of the traces, one can determine the energy and the direction of motion for incident protons. According to Ref. [21] , by using 1500 µm thick CR-39 nuclear track detectors, it is possible to determine the proton energy distribution in the domain 0.92 ÷ 9.28 MeV. Moreover, late experiments [28] show that a preliminary calibration procedure of the detector stack is mandatory.
Accurate determination of the proton energetic spectrum, and particularly of the maximum energy acquired after the laser-pulse solid target interaction, enables one to estimate the electron temperature as shown in [8] . This issue is very important for developing applications of interest for Radiation Hardness Assurance (RHA), by simulating the aggressive radiation environment from the outer space by means of laser plasma accelerators [6] . The method supplies information about the characteristics of individual protons. Nevertheless, the method described in [6, 8] also presents some disadvantages such as:
-determination of incident proton characteristics is done only for particles whose energy lies within a specified value range -in order to visualize and measure the trace dimensions at the foil, the etching process must be performed in several steps, at well defined intervals of time. After each step the foil surface is optically examined then the etching process is resumed, which finally leads to an increase of the processing time
The method proposed to determine the energetic spectrum of protons is based on using a set of solid detectors, preferably CR-39 [13] . Each detector is thinner than the Bragg peak that characterizes the loss of kinetic energy as a function of the particle track in the detector material. The Bragg peak is characterized by an intense peak whose position is a clear indication of the particle location where the particle loses the largest part of its kinetic energy. For protons the Bragg peak occurs right before stopping. The method we devised circumvents some of the disadvantages associated with previous methods, and brings in the following advantages [13] :
-it enhances the resolution used to determine the proton energy and extends the interval of energy values for which the method is applicable. This characteristics is useful for proton beams with energy spread over a wide range of values -the etching process is simultaneously performed for all solid detectors. Consequently, etching is performed faster, under identical conditions for all solid CR-39 detectors. Each detector is etched once.
The thickness of the Bragg peak region is defined as the full width at half maximum (FWHM) of the energy loss curve, that describes the specific energy deposition dE/dx of a heavy charged particle as a function of the penetration depth. For proton energies in the 3 ÷ 14.8 MeV range it is about 0.2 mm. Thus, the thickness of the CR-39 detector should not exceed 0.2 mm.
As an example of applying this method to determine the proton energy spectrum, a stack of 10 CR-39 200 µm thick detectors is used. The stack is wrapped within a 10 µm thick alumium foil for protection. A preliminary calibration procedure is mandatory, using protons with well known energy. This could be for instance achieved by using the accelerators located at IFIN-HH (http://www.nipne.ro/), that are able to generate protons of 2, 3 and 5 MeV. Moreover, an accelerator can be used that delivers protons with an energy of 12 MeV. By using a monoenergetic proton source one can obtain an exponential proton energy spectrum. The detector system (presented in [13] ) consists of a rotating disk holding the targets, placed in front of the detector stack. Filters that consist of metallic foils are interposed between the front of the detector stack and the proton source. The maximum energy of the protons incident on the detector stack is obtained when it is directly exposed to the action of the protons generated by the proton source, in absence of any filter. Lower energies result when the protons pass through different filters, that are consecutively interposed between the proton source and the detector pack, using a mechanical system, preferably a rotating one. Passive detectors such as CR-39 are time independent, thus if the proton flux is low enough for avoiding nonlinear effects they behave as if all protons arrived at the same time. In such conditions, calibration is performed by exposing the CR-39 stack to a flux of protons at normal incidence, and the fluence is tuned such that the blowholes do not overlap. The detectors are etched using a classical procedure [13] , then optical microscopy is used to analyse the traces left on both front and back faces of the solid detector. The number of blowholes on each face of the detector is counted and analysed, in order to emphasize experimental patterns. Results are verified by comparison with those reported in [20] . The protons lose 1 MeV when crossing the Al foil. Measurement errors are determined by considering previously performed calibrations.
Conclusions
We report on measurements of the radiation dose distribution map inside a target chamber during laser proton acceleration experiments using thin solid targets. We estimate the maximum energy of the protons as approximately 14MeV.
An integrated dose of about 15 mGy was observed per laser shot along the direction normal to the target, at 30 cm distance from the laser-target interaction point. This dose is due to a mixed photon and electron radiation field. A mesh of the experimental set-up geometry is generated and used as input for computing the radiation doses around the interaction point, by using the Geant4 General Particle Source code. The resulting radiation doses map shows good agreement with the experimental values.
The experimental and simulation results obtained suggest that high power laser -thin solid target experiments can be used as a test environment for electronics and software equipment supposed to be deployed in spacecraft and space station habitats. For the particular geometry described here we find a reasonable agreement between measurements and simulations, which validates the numerical simulations implemented by our code. We extend our assumption and claim that the code can also be used for other type of radiation sources to simulate radiation inside and near space stations, at least by considering a superposition of radiation fields, if nonlinear effects can be neglected. Even if the space radiation background is pseudo-continuous, while the one generated in lasertarget interaction experiments comes in short pulses, the key advantage of laser -plasma interaction is that it can generate simultaneously protons, X-rays and electrons. The good agreement between the experimental and simulation data reported here, leads to the possibility of applying the simulation tools to characterize and simulate new shielding materials and designs of present interest.
To increase the resolution of the proton energy spectrum determination, a new method is developed, characterized by using plastic foil stacks (preferably CR-39), but not limited to.
The thickness of each foil should be less than the one of the major specific energy deposition region of a proton, i.e. around the Bragg peak. This method for determining the proton energy spectrum is characterized by using stacks of plastic foils for which the etching is performed on each face, to a depth of less than 20 μm, avoiding damage of the foil's mechanical characteristics.
The number of protons stopped in each foil is assessed by analysing the number of pits corresponding to the protons stopped on the front side of the foil. Only those tracks are considered that have a diameter larger than a certain value, which is characteristic for tracks induced by protons at the limit of stopping, when passing through a given foil. Particularly, the plastic film stack could be used to determine the proton energy spectrum when testing the effect of proton fluxes on electronic components. This plastic foil stack could also be used for the characterization of laser accelerated protons and for medical applications (e.g., proton therapy), as well as for monitoring certain environments which are subject to ionizing radiation, such as space stations, ships and shuttles, especially during solar storms or the passage of a space vehicle through the radiation belts of some planets in the solar system.
The stacks of plastic films can be calibrated with proton beams of known energy distribution, generated in classical or modern proton accelerators. A mechanical device could be used to rapidly interpose various filters between the calibration proton source and the foil stack. This way, the energy of protons reaching the stack is reduced, in a known and controllable way.
The proton energy spectrum is determined based on the analysis of protons stopped in each foil. Due to the low foil thickness a well defined energy can be assigned to each of them, based on its position within the stack. The total number of protons incident on the stack front surface is obtained by summing up the number of protons stopped in each of the foils.
The resolution of the assessed proton energy spectrum can be achieved by analysing the track diameters on the foils.
